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Abstract 
A non-invasive technique is presented for tracking the intensity of light propagating in Si waveguides whose conductivity, 
increasing due to surface defects-mediated sub-bandgap photon absorption, is monitored through a ContactLess Integrated 
Photonic Probe (CLIPP). A dynamic range of 40 dB is demonstrated, with a minimum detection level of -30 dBm (local optical 
power), without perturbing light propagation. A custom-designed multichannel and low-noise integrated front-end allows 
miniaturized and high resolution sensing (2 pS noise floor), thanks to a significant parasitics reduction. Beyond power 
monitoring, this novel technique is suitable for tuning and control of key optical devices such as ring resonators.  
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1. Introduction 
Integrated photonics holds great promise for communications, optical interconnects [1] and biosensing [2]. 
However, large scale integration of several solid-state optical components on a single chip is still hampered by 
various technological challenges. One of the major limitations in Silicon photonics is the lack of transparent in-line 
monitors [3], in particular for tuning, dynamic reconfiguration and closed-loop control of photonic devices [4]. 
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Fig. 1. Light power sensing based on AC tracking of the Si waveguide conductance G = Re[Y] with a low-noise phase-sensitive circuit. 
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Fig. 2. Optimized measurement setup with a single PCB hosting the electronic readout chip very close and wire-bonded to the photonic chip. 
Conventional sensing schemes exploit terminal or in-line integrated photodetectors, requiring tapping and absorption 
of a small but non negligible fraction of light, so these approaches are not scalable to photonic circuits integrating 
tens or hundreds of components.  
In order to address this need, we have developed an original light detection technique, that does not require extra 
photon absorption, profiting from the few photons (10-103 per μm) that in a standard Si waveguide (480 nm wide, 
220 nm high, single TE mode λ = 1550 nm) are intrinsically lost because of surface-state absorption (SSA), 
producing photocarrier generation mediated by unavoidable defects present at the core-cladding interface [5]. As 
illustrated in Fig. 1, the light-dependent waveguide conductivity G = 1/RWG is measured with a pair of electrodes 
(200 μm long separated by 100 μm) fabricated above the cladding (~1 μm distance) in order to avoid the 
perturbation of the propagating field. Thus, it is necessary to measure conductance in AC at a frequency fAC high 
enough to shunt the access vertical capacitances CA. The CLIPP fabrication is extremely simple (decoupled from the 
optical layer for which no treatment is required) and compatible with the standard CMOS process, as well as with 
the same technology used for realization of conventional thermo-optical actuators, employed for accurate tuning 
photonic devices such as ring resonators and Mach-Zehnder interferometers. 
2. Sensing setup  
The CLIPP impedance is measured with the phase-sensitive architecture illustrated in Fig. 1. A sinusoidal voltage 
VAC at fAC is applied to one electrode, forcing an AC current collected at the second electrode, sensed by a low-noise 
front-end and synchronously demodulated with a lock-in detector. A dedicated custom CMOS integrated amplifier 
has been designed in order to provide: (i) extreme system miniaturization, including the lock-in multipliers on chip 
(ii) parallel multi-point detection (32 total channels), and (iii) performance improvement (input current noise below 
100 fA/√Hz at 1 MHz) thanks to the reduction of stray capacitance CE (Fig. 1) present between the electrodes due to 
the connection wires, here significantly shorted thanks to a compact assembly (Fig. 2) [6]. The chip (AMS 0.35 μm) 
contains 4 simultaneous analog chains with 100 MHz bandwidth (consuming 8 mA at 3.3 V). The overall system 
resolution ΔY is 2 pS (with VAC = 1 V and lock-in bandwidth BWL ~ 1 Hz), that provides a SNR ~20-40 dB. 
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Fig. 4. Time tracking of laser power steps (a) at two simultaneous frequencies (b) combined (c) according to the minimum phase value (d). 
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Fig. 3. (a) dark-subtracted admittance spectra ΔY(f) from which the conductance ΔG is extracted to obtain the (b) sub-linear response curve. 
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3. Experimental results 
3.1. CLIPP sensor characterization: power monitor 
The sensor response curve is obtained by performing differential admittance spectra ΔY(f) (i.e. subtracting the 
dark reference spectrum from the measured spectra) at different optical power levels as reported in Fig. 3(a). At low 
frequency, the voltage drop across CA in not negligible, thus reducing the signal, while when fAC > 1/(πCA,RWG) the 
resistive plateau becomes accessible and the waveguide conductivity increase ΔG can be extracted. For higher 
frequencies, the signal drops again due to the conductive silicon substrate, capacitively coupled to the waveguide 
from the bottom side. As shown in Fig. 3(b), a unique functional dependence (a power law ΔG v Pn with exponent 
n = 0.57) is valid across three decades of optical power. Thus, by inverting this root function, it is possible to 
straightforwardly estimate the local optical power from the impedance measurement.  
3.2. Multi-frequency tracking of wide ranges of optical power 
Real-time tracking of manually regulated step variations of optical power in shown in Fig. 4. If the light power 
changes across a wide interval (4 decades in this case), the position of the resistive plateau shifts (since RWG changes 
significantly, see Fig. 3), producing an estimate error at fAC. Consequently, in order to obtain the correct power 
estimate across a wide power range, simultaneous multi-frequency tracking is proposed to overcome this issue. As 
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Fig. 5. Tracking the microring resonance when changing (a) the input optical power; (b) the driving voltage of the thermo-optical actuator 
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illustrated, with only two frequencies (150 kHz and 1.5 MHz) it is possible to reconstruct the staircase of power 
levels (from +10 dBm to -30 dBm). Power estimate can be obtained either off-line, by fitting the equivalent CR 
impedance model, or on-line, by combining the values of the admittance magnitude at different frequencies, 
considering that when the sensing frequency matches the resistive plateau, its phase reaches a minimum. The use of 
more frequencies would clearly allow a more accurate tracking. Thus, a trade-off in the design of the sensing 
electronics must be highlighted: the wider the range of optical power levels to be tracked, the higher the number of 
frequencies to be used (mainly resulting in a complication of the readout electronic system). 
3.3. Towards closed-loop operation 
It has been verified that the perturbation due to the applied electrical signal VAC is negligible, even for high 
quality factor resonators (0.2 mrad/V, equivalent to a temperature fluctuation of 0.01°C [5]). Thus, the CLIPP can be 
embedded inside ring resonators (Fig. 2) in order to monitor the resonance from within the ring (extremely sensitive 
to fabrication tolerance and temperature), without the need for an external detector. As reported in Fig. 5, when 
scanning the laser wavelength, changes of the resonance peak - both in amplitude, due to launch power increase 
Fig. 5(a), or wavelength shift due to the activation of the thermal actuator – also embedded on the ring, see Fig. 5(b) 
- can be easily tracked. Consequently, feedback control and stabilization of the resonance can be easily achieved. 
Furthermore, when operating in closed-loop conditions with large loop gain, light power variations are small (below 
10 dB) and single-frequency conductance tracking is adopted, simplifying the sensing electronics (to be combined 
with a proper digital or analog loop controller). 
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